the tip-link model of hair cell transduction,
INTRODUCTION
within the cytoplasm of the stereocilium near the upper and lower ends of the tip link by immunoelecDeflection of the hair cell stereocilia appears to result tron microscopy (Garcia et al. 1998) . in the opening and closing of mechanoelectrical transKnowledge of the molecular composition and strucduction channels which are located at the tips of the ture of tip links and their interactions with other macstereocilia (Hudspeth and Corey 1977; Corey and Hud- romolecules is important for understanding of the speth 1979 , 1983 Howard and Hudspeth 1988) . In mechanoelectrical transduction mechanism in the hair cells. In electron micrographs, the tip links appear 626-9871; email: santip@umn.edu to the adjacent, longer stereocilium of the next row (Osborne et al. , 1988 Pickles et al. 1984 Pickles et al. , 1989 ; study were reviewed and approved by For tannic acid treatment, cochleas from four aniComis (1990), the tip link is a filamentous protein mals were fixed for 1 h at pH 5.3 in a solution consurrounded by glycocalyx. Katori et al. (1996) showed, taining 2% paraformaldehyde in 0.075M cacodylate using light and electron microscopy, that a monoclonal buffer, 4 mM CaCl 2 , 2% tannic acid, and washed in antibody against keratan sulfate proteoglycan labeled 0.13M cacodylate buffer at pH 6.8 for 45 min. The the tip and side links, as well as the tips of the tallest tissues were postfixed in 1% OsO 4 in 0.1M cacodylate outer-hair-cell stereocilia, in guinea pigs. However, in buffer at pH 6.8 for 1 h at room temperature and contrast to the guinea pig, stereocilia bundles of the washed in 0.13M cacodylate buffer for 45 min. For mouse (Killick and Richardson 1997) and the chinRuthenium red/Alcian blue treatment, cochleas from chilla (Swartz and Santi 1997) were not immunolathree animals were fixed in a solution of 0.2% Ruthebeled using this antibody. Using immunoelectron nium red, 0.2% Alcian blue, 2.5% glutaraldehyde in microscopy, the presence of type IV collagen in tip 0.1M cacodylate buffer for 4 h and postfixed in 1% links was suggested by Hackney et al. (1999) . However, osmium tetroxide for 1 h. tip-link structural data does not correspond to the Cochlear tissues were then dehydrated in ascending thin, interlacing, filamentous arrays formed by the concentrations of ethanol, embedded in Epon, and three polypeptide chains of type IV collagen (Kachar sectioned on an LKB Nova ultramicrotome for transet al. 1999). Results from freeze-etching electron mission electron microscopy as previously described microscopy (Kachar et al. 1999) showed that the tip (Santi 1986). Thin sections, without counterstaining, link has diameter of 8-11 nm and consists of protein were examined using a JEOL 1010 electron microsubunits arranged into a double-helical, right-handed, scope at 60 kV and magnifications of 20,000X. coiled strand with a 60-nm pitch. In addition, the filaMicrographs were digitized by a Linotype-Hell flatments appear to separate at their ends and form multibed scanner interfaced to a Macintosh computer. The ple insertion points into the stereocilium membrane.
pixel size of the scanned images was about 1.4 nm at The purpose of the present study was to investigate the specimen level. Some images were filtered using the structure of stereocilia tip links in the cochlear a high-pass filter via Adobe Photoshop software in sensory epithelium of the chinchilla by transmission order to suppress the very low spatial frequencies (1/ electron microscopy using different histochemical 10 nm Ϫ1 and below) and, thus, to increase the signalreagents. Fourier analysis was applied to the images to-noise ratio of the images. For these purposes, the to verify the presence of the helical structure of the Fourier transform of the image was multiplied by a tip-link strand and to study the spatial arrangement function of a filter passing high frequencies. The low of its structural units.
frequencies, which normally do not contribute to the structure, were set to reduced values (Russ 1999). Noise filtering and adjustment of the image brightness and contrast of the entire image field were used to enhance the images and accentuate their details. To
MATERIALS AND METHODS
study the periodic helical structure of the tip links, their digitized images were Fourier transformed. The Samples of cochlear tissue were obtained from our theory of Fourier transform relevant to the helical tissue bank. The samples were from normal chinchillas diffraction patterns was covered in Cochran et al. approximately 1 year old. In order to obtain cochlear (1952) and Klug et al. (1958) , while its application to tissues for the tissue bank, the animals were deeply electron micrographs was discussed by DeRosier and anesthetized and their cochleas were removed and Moore (1970) . NIH Image (ver. 1.60) software (NIH, perfused with fixatives as previously described (Santi Bethesda, MD) was used for the Fourier transformation (256 ϫ 256 pixel size). The selected area of the et al. 1990 ). The care and use of the animals for this tip-link image, smaller than 256 pixels, was brought
RESULTS
up to a standard 256 ϫ 256 size box with addition of densities of zero magnitude outside the image. The The tip links were observed in radial sections of transform sampling interval was (1.4 ϫ 256) Ϫ1 nm
Ϫ1
cochlear hair cells across all three rows of the outer in the X and Y directions. The periodicity of the struchair cells. After tannic acid treatment (Fig. 1a-f ), the ture was calculated from the position of diffraction tip link appeared as a thin straight strand with a typical peaks of the Fourier transform of the image with length of 150-200 nm. It extended between the tip known periodicity and the magnification of the print of shorter stereocilium to the side wall of the longer for calibration. The quality and reproducibility of tipstereocilium (Fig. 1a) . A darkly stained intracellular link images were analyzed from their Fourier diffracplaque was visible near the lower end of the link tion patterns based on the presence of characteristic beneath the membrane of the shorter stereocilium intensities of about 20-nm periodicity and image reso- (Fig. 1a) . The upper end of the link joined another lution. The fine structure of the tip links was not usudarkly stained intracellular plaque associated with the ally well preserved. About 20 tip-link images were membrane of the longer stereocilium (Fig. 1a) . In rare analyzed. Most of these images did not show strong images, one end of the tip link was detached from diffraction peaks, and only seven of tip-link images the stereocilium membrane (Fig. 1d) . Some high-pass-(three from tannic acid and four from Ruthenium filtered images of tip links (see Materials and Methods) blue/Alcian blue treatments) showed strong symmetshow small rounded particles (Fig. 1c,f) . To study the ric intensities corresponding to a periodicity of about periodic distribution of these particles, the noise-fil-20 nm. Four of these images (two from tannic acid and tered images of the tip links were Fourier transformed two from Ruthenium red treatments) demonstrated (see Materials and Methods). In high-quality Fourier weak, high-resolution meridianal intensity of about 4-nm periodicity.
transforms of the tip-link images (Fig. 1c,f) , two strong their rectangular areas. Two strong diffraction peaks and one weaker b, e Noise-filtered images corresponding to a and d, respectively. peak correspond to a periodicity of 23-24 and 4.3-4.6 nm, respecThree fine filaments (arrowheads) of the tip links are shown in inset tively. Bars ϭ 100 nm (a, b, d, e) and 10 nm (c, f and inset of b and e). of b and e. c, f High-power images of the tip-link filamentous bundles symmetric peaks are located on the layer line correson the 4.3-4.6-nm layer line. This distribution of diffraction intensities was similar to those observed after ponding to a periodicity of 21-22 nm (Fig. 1c,f) . A weak peak is sometimes seen on the layer line correstannic acid treatment (Fig. 1c,f) . For control and calibration of observed periodicitponding to a periodicity of about 4.0 nm (Fig. 1f) .
Ruthenium red/Alcian blue treatment (Fig. 2) proies, Fourier transformation was performed on actin filaments in the core of the stereocilia taken from vided a staining pattern of tip links similar to that observed after tannic acid treatment. The tip link the same micrographs that were used for the tip-link analysis (Fig. 3a-c) . Actin filaments are packed in parashowed a thin strand 9-12 nm in diameter. Three filaments were occasionally observed in these strands crystalline arrays with aligned crossover points of all actin helices. Diffraction patterns from these arrays (Fig. 2b,e, inset) . After high-pass filtration of the tiplink images, a bundle of fine "beaded filaments" can showed strong equatorial peaks corresponding to 11 Ϯ 1-nm periodicity between actin filaments, and be distinguished in the high-power images (Fig. 2c,f) . Fourier transforms of the bundle images (Fig. 2c,f) two symmetric peaks on the 35-nm layer line corresponding to the periodicity of crossover points of Fshow two strong diffraction peaks located on the 23-24-nm layer line and a much weaker meridian intensity actin in the stereocilia (Tilney et al. 1980) . (Fig. 1f) . Bar ϭ 10 nm. Amplitudes and observed in the Fourier transforms. Meridional diffraction peak of phases for of 21-nm (I ϭ 1) and 4-nm (I ϭ 5) layer lines are shown 4.4-nm periodicity corresponds axial shift of globular units. in b and c, respectively. The phases corresponding to two peaks As an additional control for the 22.5 Ϯ 1.5-nm axial 4.4-nm (I ϭ 5) meridian peak which correspond to an axial period of the helical array and axial shift of period of the tip link observed in the diffraction pattern, one of the tip-link images (Fig. 1e) was computer globular units, respectively. Diffraction peaks of the first and second order of the 66-nm periodicity were averaged over this period. The image was displayed at high magnification, and its repeating portions, which not seen. corresponded to one period (21 nm), were selected by a 21-nm shift of the rectangular frame along the helical axis. The set included three of these images,
DISCUSSION
each 21 nm high, and was converted to a stack by NIH Image software and arithmetically averaged (Fig. 4a , According to the "gating spring" model, increased tension in the gating spring associated with the tip link rectangle). The final image was composed from three of these averaged portions (Fig. 4a) . Diffraction patopens transduction channels which permits cations to enter the stereocilium and depolarize the cell. Molecutern from this image was similar to the original image (Fig. 1f) and showed two strong peaks on the 21-nm lar composition and assembly of the tip-link helical structure, and, ultimately, the molecular basis of its layer line (Fig. 4a) . Computer averaging also resulted in noise reduction of the image. Symmetric location of elastic behavior, are still unknown. The helical structure of the tip link is stabilized by a large number of diffraction peaks relative to the meridian on horizontal layer lines is characteristic for a structure with helical contacts between repeating structural units of its three coiled filaments. The helical array may provide a stable symmetry and each layer line arising from a particular family of helices in the structure (Cochran et al. 1952;  nonflexible structure that acts as a rigid spring during hair cell mechanical stimulation and relaxation. Klug et al. 1958; DeRosier and Moore 1970) . The position of each peak on layer lines is related to the Bessel
The first report of a tip-link strand showing a righthanded, coiled double filament that ends in two inserfunction -n (2rR), where r is the helix radius. The relative phase of the two peaks shows whether n (numtion points on the membrane of the taller stereocilia and three insertion points on the membrane of the ber of helices) is odd or even. If the phase origin is on the helical axis, two peaks should be in phase for short stereocilia was provided by Kachar et al. (1999) using freeze-etching electron microscopy. Our data an even value of n or out of phase for an odd value of n. Two symmetric peaks on the 21-nm (I ϭ 1) layer agree with their report concerning the helical organization of the tip link and extends their findings using line were derived from the near and far sides of the tip-link helical structure. Image-Pro Plus (version 4.1 two different histochemical procedures and Fourier image analysis. In contrast to the Kachar et al. (1999) for Windows, Media Cybernetics, Silver Springs, MD) software was used for the calculation of the amplitudes results, our data show that the tip link is a three-not a two-start coiled filament. Tannic acid and Ruthenium and phases of the Fourier transform of the tip-link images. Figure 4b shows the computed amplitudes and red/Alcian blue treatments showed that the tip link consists of a straight strand of fine filaments attached phase on the 21-nm layer line. The position of the two peaks on this layer line is such that n is between 2 and to the stereocilia membrane. Fourier analysis of the tip-link strand revealed that this strand is a three-start 4. The computed phases of these peaks differ by about 219Њ or, with some approximation, are out of phase.
helical bundle of fine filaments with a period of 22.5 Ϯ 1.5 nm. Each of the three coiled filaments This reduces this choice to an odd number, or n ϭ 3, of the helical filaments in the tip link. Occasionally, actually consists of identical globular structures, 4.3 Ϯ 0.3 nm in diameter, arranged into a helix with about these three filaments can be directly visible in some tiplink images (Fig. 2b,e, inset) . The weaker diffraction 15 structures per 67.5 Ϯ 4.5 nm turn. The 67 Ϯ 4.5-nm pitch of individual filaments can be traced in some intensity on the 4.1-nm layer line (I ϭ 5) is located around the meridian. This intensity shows only one tip-link images (Fig. 2c,f and Fig. 4a ), and appears to correspond to 60-nm period of right-handed helical peak with a small variation of phase (Fig. 4c ) and appears to correspond to the zero order of the Bessel filaments as reported by Kachar et al. (1999) . Tip links are reactive to tannic acid and appear to contain prefunction. [Thus, a tentative model of the tip link having a three-start helical structure is proposed to dominantly neutral or basic residues of proteins. Taking into account the typical V/ r ratio of 1.2-1.4 nm 3 / approximate these diffraction data (Fig. 4d ).] The model consists of three filaments with 15 globular units kDa for protein macromolecules, the globular structure of the tip link is a spherical particle with a diameper 66-nm pitch of each filament. Since three helices of the 66-nm pitch are related by threefold rotational ter of about 4.3 nm and has a molecular weight of approximately 30-35 kDa. This corresponds to a polysymmetry (by 120Њ rotation), the period of the helical structure is 22 nm. The diffraction pattern from the peptide chain containing approximately 300 amino acids folded into a compact globule (Metzler 1977) . projected structure of the model shows two symmetrical peaks located on a 22-nm (I ϭ 1) layer line and a Two possible variants for the interpretation of these
